ORIGINAL ARTICLE sibility to combine the best properties of both polymeric and inorganic materials. Briefly, the sol-gel chemistry involves the hydrolysis and polycondensation of metal alkoxides M(OR) x , where M = Si, Sn, Zr, Ti, Al, Mo, V, W, Ce, and so forth (17, 23, 24) . The main advantage of the sol-gel technique is that the sintering process of organicinorganic hybrid biomaterials can be performed at low temperature (e.g., room temperature) (25, 26).
INTRODUCTION
Tissue engineering involves a multidisciplinary knowledge benefiting from the fields of engineering, biotechnology, life sciences, biology, and in recent years from the appearance of micro-and nano-mechanical approaches to evaluating the mechanical properties of tissue (1) (2) (3) . In this context, it appears clear that the design of advanced biomaterials with enhanced properties represents a great challenge.
Over recent years, several efforts have been made to develop polymeric and composite scaffolds for tissue engineering (4) as well as organic-inorganic hybrid materials considered as innovative advanced biomaterials (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) . In particular, most hybrid organic-inorganic materials can be developed using the sol-gel method (17) (18) (19) (20) (21) (22) .
In designing organic-inorganic hybrid materials, the main advantage of the inclusion of a polymer is the pos-
MATERIALS AND METHODS
Composite substrates were produced by embedding PCL/TiO 2 and PCL/ZrO 2 organic-inorganic hybrid particles into a PCL matrix. PCL/TiO 2 and PCL/ZrO 2 organic-inorganic hybrid particles, synthesized by means of the sol-gel process, as already reported in literature (17, 23, 24) , were classified according to the weight amount of PCL. Consequently, PCL/TiO 2 and PCL/ZrO 2 0/100, 6/94, 12/88, 24/76, and 50/50 denoted organic-inorganic hybrid particles containing 0%, 6%, 12%, 24%, and 50% by weight of PCL, respectively. Taking into account these compositions, the hybrid fillers were suitably marked as reported in Table I . For example, Zr1 indicates organic-inorganic hybrid particles characterized by PCL and ZrO 2 amounts of 6% and 94%, respectively. PCL pellets (Aldrich; molecular weight [M w ] = 65,000) were dissolved in tetrahydrofuran (THF) by stirring at room temperature. Organic-inorganic particles having a diameter lower than 38 µm were added to the PCL/THF solution during stirring. A polymer to particle weight ratio of 80/20 (wt/wt) was used. An ultrasonic bath (Branson 1510 brid materials characterized by several morphologies and physical properties (17) . Among the synthetic polymers, poly(ε-caprolactone) (PCL), a biodegradable aliphatic polyester (28) (29) (30) , has been proposed for several applications such as drug delivery systems, tissue-engineered skin (plain film), and scaffolds for supporting fibroblast and osteoblast growth (30) (31) (32) (33) (34) .
On the other hand, focusing attention on the inorganic phase, it has been demonstrated that TiO 2 and ZrO 2 glasses are bioactive because of their ability to bond to living bone, as evidenced by the formation of a bone-like apatite layer on the surfaces (17, 23, (35) (36) (37) . Accordingly, as reported in the literature, PCL and titanium as well as PCL and zirconium organic-inorganic materials have been suitably synthesized by the sol-gel method, where PCL was incorporated into the network by hydrogen bonds between the carboxylic groups of the polymer and the hydroxyl groups of the inorganic phase. These PCL/TiO 2 and PCL/ZrO 2 have been investigated through Fourier transform infrared (FTIR) spectroscopy, scanning electron microscopy (SEM) and atomic force microscopy (AFM). The bioactivity of PCL/TiO 2 and PCL/ ZrO 2 organic-inorganic hybrid materials has also been highlighted by the formation of a hydroxyapatite layer on the surfaces of samples soaked in a fluid simulating the composition of human blood plasma (17, 23) .
With regard to the design of substrates for hard tissue engineering applications, mechanical performances play a crucial role: hard tissues such as bone are stiffer (higher elastic modulus) and stronger (higher strength) than the soft tissues.
However, PCL comes out too flexible and weak to satisfy the mechanical requirements for this specific application, while polymer-based composite materials provide an alternative choice to overcome these problems. Obviously, several criteria have to be considered in designing composite materials. In a composite material, the matrix has to transfer stresses to the reinforcement, making a contribution to the composite strength. Weakness in the structure may be caused by discontinuities in the stress transfer and generation of stress concentration at the particle/matrix interface, often due to the different ductility between the polymeric matrix and purely inorganic fillers.
Thus, an interesting idea would be to embed PCL/TiO 2 or PCL/ZrO 2 hybrid fillers into a PCL matrix, trying to enhance the mechanical performance of the neat PCL and, at the same time, to benefit from the already known bioactive features of the organic-inorganic hybrid particles.
Accordingly, the aim of the present study was to design and develop composite substrates consisting of a PCL matrix reinforced with sol-gel synthesized PCL/TiO 2 or PCL/ZrO 2 hybrid fillers, also highlighting the effects of the organic-inorganic particle composition on the mechanical and biological performance. (38) (39) (40) and is expressed as a percentage of Alamar Blue TM reduction, according to the manufacturer's protocol. Each experiment was repeated at least 3 times in triplicate.
Atomic force microscopy
Surface topography and roughness of the disk-shaped substrates were analyzed by AFM, using an AFM Digital Instruments Nanoscope IIIa in tapping mode (scan size and rate of 10 µm and 2.035 Hz, respectively) in air. Values of average roughness (R a ) and root mean square roughness (R q ) were also numerically evaluated.
RESULTS AND DISCUSSION
The small punch test has been selected to evaluate the mechanical performances of the disk-shaped substrates as it is a reproducible miniature specimen test method, which has been already used to assess the mechanical properties of retrieved acrylic bone cement (41) .
Results from small punch tests on substrates showed typical load-displacement curves, generally characterized by an initial linear trend, a decrease of the curve slope, a maximum load, and, then, a decrease of the load until failure occurred.
Maximum load and displacement at maximum load achieved by all disk-shaped substrates are reported as me-MT) was also employed to optimize the particle dispersion in the polymer solution. Successively, molding and solvent casting techniques were used to make miniature disk-shaped specimens with a diameter of 6.4 mm and a thickness of 0.5 mm (Fig. 1) .
Small punch tests
Small punch tests were performed on the manufactured disk-shaped specimens with a diameter of 6.4 mm and a thickness of 0.5 mm according to the standard ASTM F 2183, the aim being to evaluate maximum load and displacement at maximum load. All tests were carried out using an INSTRON 5566 testing machine. As reported in Figure 2 , the experimental setup consisted of a hemispherical head punch, a die, and a guide for the punch.
The specimen was loaded axisymmetrically in bending by a hemispherical-head punch at a constant displacement rate of 0.5 mm/min until failure occurred. The displacement of the punch and the load applied to the punch were recorded continuously during the test. Failure of the specimen and, hence, termination of the test was indicated by a load drop in the load-displacement curve.
Microtomography analysis
A micro-computed tomography (MicroCT) was performed on the composite specimens at a resolution of 8.37 µm through a SkyScan 1072 (Aartselaar, Belgium) system, using a rotational step of 0.90° over an angle of 180°.
Cross-sections and 3-dimensional (3D) models of composites were then reconstructed using Skyscan's software package, Image J software and Materialise Mimics (version 12.0), for image analysis and visualization of the results from the MicroCT system scan.
Alamar Blue TM assay
Bone marrow-derived human mesenchymal stem cells (hMSCs; Clonetics, Italy), at the fourth passage, were cultured in α-modified Eagle's medium (α-MEM) (Bio-Whittaker, Belgium) containing 10% (v/v) fetal bovine serum, 100 U/ml penicillin and 0.1 mg/ml streptomycin (HyClone, UK), in a humidified atmosphere at 37°C and 5% CO 2 .
Substrates for cell-culture experiments (0.5 mm in thickness and 6.4 mm in diameter) were prepared for cell seeding by soaking first in 70% ethanol (1 hour) and then in 1% antibiotic/antimycotic in phosphate-buffered saline (PBS) (2 hours), and prewetted in medium (2 hours). Cells (5 x 10 3 ), resuspended in 200 µl of medium, were statically seeded onto the substrate.
Cell viability and proliferation were evaluated by using the Alamar Blue TM assay. This is based on a redox reaction that occurs in the mitochondria of the cells; the percentage of Alamar Blue TM reduction for the substrates. Showing cell proliferation and viability over the culture time, the results have been reported as means ± standard deviation and are graphically shown in Figure 5 (a-c). In particular, during the in vitro static culture, the results obtained in terms of percentage of Alamar Blue TM reduction were always higher for PCL/Zr2 and PCL/Ti2 composite substrates than for all other compositions. For example, with regard to PCL/Zr2, the percentage of Alamar Blue TM reduction was 13.44% ± 0.63% at 7 days of incubation, while PCL/Ti2 substrates showed a value of 17.24% ± 2.18%. These values are higher than those obtained for PCL substrates at 7 days of the incubation (11.38% ± 0.93%) (Fig. 5a ). As for the results obtained at 14 days of incubation, PCL/Zr2 and PCL/Ti2 exhibited a percentage of Alamar Blue TM reduction of 16.95% ± 2.78% and 22.17% ± 1.39%, respectively, whereas PCL showed a value of 13.47% ± 2.16% (Fig. 5b) . Finally, the percentage of Alamar Blue TM reduction at 21 days of incubation for PCL/Zr2 and PCL/Ti2 was 19.28% ± 1.86% and 26.48% ± 2.63%, respectively, while PCL showed a value of 16.61% ± 1.39% (Fig. 5c ).
The effect on surface topography and roughness of both process technique and sol-gel synthesized fillers into the polymeric matrix has been demonstrated by AFM analysis. Although it is well known that the AFM tapping-mode imaging can be carried out in height mode or force mode, in this work the height mode was adopted to analyze the surface topography. The AFM images of the neat PCL and ans ± standard deviation in Table II . Figure 3 and Table  II suggest that the inclusion of organic-inorganic hybrid particles characterized by PCL and an inorganic amount of 12% and 88%, respectively, provides mechanical performances that are better than those obtained for the neat PCL and the other composites. In particular, maximum loads of 29.6 ± 1.4 N and 24.8 ± 2.3 N have been achieved by PCL/Zr2 and PCL/Ti2 composites, respectively.
The images obtained through MicroCT system scan allowed the 3D reconstruction of the composite disks and, hence, the distribution of voids, particles, and clusters. Different 3D reconstructions of PCL/Zr2 and PCL/Ti2 disks are reported in Figure 4 .
With regard to the biological performance, the Alamar Blue TM assay provided a quantitative evaluation of the PCL reinforced with hybrid fillers as substrates for tissue engineering PCL/Ti2 and PCL/Zr2 composite materials are shown in Figure 6 . It is worth noting the different surface morphology, as well as the particular microstructure, especially in the cases of the PCL/Ti2 and PCL/Zr2 composites. PCL seems to demonstrate a greater number of surface channels in comparison with the PCL/Ti2 and PCL/ Zr2 composite materials. This could probably be ascribed to the preparation technique, which involves the solvent removal, thus resulting in much more marked indications of surface channels in the case of the neat PCL sample. Clearly, in the case of PCL/Ti2 and PCL/Zr2 composite materials, the above-mentioned effect is strongly reduced by the presence of the sol-gel synthesized particles embedded in the polymeric matrix. However, the AFM results showed that in terms of average roughness (R a ) and root mean square roughness (R q ), the polymer (PCL) and composite (PCL/Ti2 and PCL/Zr2) surfaces investigated would seem to be equally rough. In particular, R a and R q values of 100-120 nm and 120-140 nm, respectively, were demonstrated by scanning a surface area of 10×10 µm.
CONCLUSIONS
In this preliminary research, PCL/TiO 2 and PCL/ZrO 2 sol-gel synthesized organic-inorganic bioactive fillers were embedded in a PCL matrix, to make advanced com- assay: 7 (a), 14 (b) , and 21 (c) days after incubation. Bar represents the standard deviation. *p<0.05; **p<0.01; ***p<0.001, indicate statistically significant differences between composite and poly(εcaprolactone) (PCL) groups (1-way ANOVA followed by Tukey post hoc test). posite substrates for hard tissue engineering. Results from small punch tests and Alamar Blue TM assay showed that PCL reinforced with Ti2 (PCL=12, TiO 2 =88 wt%) and Zr2 (PCL=12, ZrO 2 =88 wt%) hybrid fillers provided better mechanical and biological performance. Finally, MicroCT and AFM analyses allowed us to investigate surface topography and roughness. However, further studies are needed to evaluate the effect of the particle composition on the mechanical and biological performance of the composite substrates when increasing the amount of the particles within the polymeric matrix.
